Theories that attempt to explain the dynamical relationship between bar and spiral patterns in galactic disks make different predictions about the radial profile of the pattern speed. These are tested for the H-alpha bar and spiral patterns of NGC 1365. The radial profile of the pattern speed is measured by fitting mathematical models that are based on the Tremaine-Weinberg method. The results show convincing evidence for the bar rotating at a faster rate than the spiral pattern, inconsistent with a global wave mode or a manifold. There is evidence for mode coupling of the bar and spiral patterns at the overlap of corotation and inner Lindblad resonances, but the evidence is unreliable and inconsistent. The results are the most consistent with the bar and spiral patterns being dynamically distinct features. The pattern speed of the bar begins near an ILR and ends near the corotation resonance. The radial profile of the pattern speed beyond the bar most closely resembles what is expected for coupled spiral modes and tidal interactions.
INTRODUCTION
The evidence for a dynamical relationship between the bar and spiral patterns of galactic disks is widely recognized. Well organized spiral patterns are common in barred galaxies (Kormendy & Norman 1979) . Bars can provide periodic forcing of spiral patterns (Sanders & Huntley 1976 , Huntley et al. 1978 , Schwarz, M. P. 1981 . The presence of a strong bar approximately doubles the likelihood of a field galaxy possessing a grand design spiral pattern (Elmegreen & Elmegreen 1982) . Maximum bar and spiral pattern strengths are correlated for local galaxies (Salo et al. 2010) .
Despite the evidence for its existence, the nature of the relationship remains unclear (e.g., Sellwood & Sparke 1988 , Buta et al. 2009 ). Theories that attempt to explain it make different predictions about the radial profile of the pattern speed, Ωp. In this context they are classifiable according to three general categories (Dobbs & Baba 2014) . The purpose of this paper is to test these predictions for the H-alpha (Hα) bar and spiral patterns of NGC 1365. The bar and spiral patterns of NGC 1365 are among the most studied galactic structures (e.g., Lindblad 1999) . Most authors assume category (1) (e.g., Jörsäter & van Moorsel 1995, hereafter JM95; Lindblad et al. 1996, hereafter L96; Canzian 1998; Vera-Villamizar et al. 2001, hereafter V01; Piñol-Ferrer et al. 2012) . Although photometric features of NGC 1365 are often cited as evidence for category (1), the gas kinematics are inconsistent with this category (Sellwood & Wilkinson 1993 , and references therein). Furthermore, measurements of Ωp for the HI spiral pattern are consistent with an Ωp that decreases with increasing radius (Speights & Westpfahl 2011, hereafter SW11) .
All three categories include density wave theories (e.g., Lindblad 1963; Lin & Shu 1964 Rohlfs 1977 and Lin 1996 for reviews). They assume Ωp is constant with increasing radius (i.e., a rigid pattern), in which case there may exist corotation resonance (CR), inner Lindblad resojcspeights@frostburg.edu nance (ILR), and outer Lindblad resonance (OLR). The CR occurs when Ωp = Ω, the angular frequency of an orbit. The ILR and OLR occur when Ωp = Ω ± κ/m, where κ is the epicycle frequency of an orbit, and m is an integer determined by the symmetry of the pattern.
Category (1) includes global wave modes with the properties described above, and manifolds (Romero-Gómez et al. 2006 , Athanassoula 2012 for a review). Simulations of bar driven spiral patterns sometimes resemble global wave modes (e.g., Sanders & Huntley 1976 , Huntley et al. 1978 , Schwarz, M. P. 1981 , Roca-Fàbrega et al. 2013 . Manifolds guide material away from unstable Lagrange points near the ends of the bar, along paths resembling spiral patterns.
Category (2) assumes that the radius of the CR for a faster bar is approximately coincident with the radius of the ILR for a slower spiral density wave (Tagger et al. 1987 , Sygnet et al. 1988 . The ILR for m = 2 and 4 is especially important for mode coupling. The coupling of these resonances can drive a spiral density wave.
Category (3) allows for many possible explanations for spiral patterns. The most common are: kinematic density waves (Lindblad 1956 , Kalnajs 1973 ; material arms (e.g., Wada et al 2011 , Grand et al. 2012 , Kawata et al. 2014 ; shearing instabilities that are swing amplified (Goldreich & Lynden-Bell 1965; Julian & Toomre 1966) ; spiral modes that are overlapping (Sellwood & Carlberg 2014 ), or coupled as described for category (2); and tidal interactions with other galaxies (Toomre 1969 , Kormendy & Norman 1979 , or halo substructures and dark satellites (Tutukov & Fedorova 2006 , Dubinski et al. 2008 .
The most common explanations for spiral patterns in category (3) are distinguishable by the expected results for the radial profile of Ωp. For kinematic density waves, the profile is expected to approximately follow the possible locations for ILR. For material arms and shearing instabilities that are swing amplified, the profile is expected to approximately follow Ω. For overlapping modes, the profile is also expected to approximately follow Ω because the methods used in this paper average the overlapping values of Ωp. For coupled spiral modes, the profile is expected to resemble a step function, and occur between the locations for ILR and CR. For tidal interactions, the profile is expected to differ from Ω, but show a shear rate that is approximately similar to that of Ω (e.g., Oh et al. 2008 , Dobbs et al. 2010 .
A full description of the relevant theories is beyond the scope of this paper. For a review of bar patterns see Sellwood & Wilkinson (1993) . For a review of spiral patterns see Dobbs & Baba (2014) .
The radial profile of Ωp is measured by fitting mathematical models that are based on the Tremaine & Weinberg (1984, hereafter TW84) method. Two additional models are fit to assist with analyzing the results. A model of the kinematics is fit to Hα velocity field data for calculating Ω and other possible locations for resonance. A model of the approximate location of the gravitational potential minimum is fit to Ks band data for distinguishing the locations of the bar and spiral patterns.
The rest of this paper is organized as follows. Section 2 describes the data. Section 3 defines the mathematical models. Section 4 explains the model fitting methods. Section 5 presents the results. Section 6 discusses the results. Section 7 is a summary.
DATA
The Hα data are maps of intensity, I, and line-of-sight velocity deprojected onto the galaxy disk, Vy. The values of Vy are calculated from the line-of-sight velocity, V los , the systemic velocity, Vsys, and the disk inclination angle, φi,
The uncertainties for Vy are calculated by assuming the values for Vsys and φi are well known and uncorrelated, and propagating the remaining uncertainties for V los through Equation (1),
The values of Vsys and φi are discussed in Section 3.1. The data for I, V los , and their associated uncertainties, are from Zánmar Sánchez et al. (2008, hereafter Z08) . They observed NGC 1365 using the Rutgers Imaging Fabry-Perot interferometer at the Cerro Tololo Inter-American Observatory (CTIO) 1 , and then fit Voigt profiles to the data cube. A Voigt profile is a combination of a Lorentz profile describing the natural line shape, and a Gaussian profile accounting for the effects of thermal broadening (Kwok 2007, Chapter 5) . Z08 improve the signal-to-noise ratio before fitting the Voigt profiles by combining adjacent pixels in bins of 3 × 3 pixels for intermediate strength emission, and bins of 5 × 5 pixels for weak emission. The pixel size is 0.
′′ 98. The approximate seeing is 2.
′′ 4. More details about the observations and data reduction are provided by Z08.
The data are shown in Figure 1 . Included in the figure are data in the optical B and near infrared Ks bands for comparison. The details about the observations and data reduction for the B band data are provided by Kuchinski et al. (2000) , and for the Ks band image by Jarrett et al. (2003) . Sources of starlight from the Milky Way are identified for removal from the Ks band data using Source-Extractor (Bertin & Arnouts 1996) .
3. MATHEMATICAL MODELS 3.1. Adopted Disk Parameters
The models assume an approximately flat disk. The disk inclination, φi, position angle, φp, Vsys, and location of the kinematic center, are adopted from Z08. The values of the (Sandqvist et al. 1982, JM95, L96) , and are therefore assumed to be well known. There is a warp in the disk that starts at r ∼240 ′′ (JM95), but only a small amount of the data are outside this radius. The effect of these data are noted in Section 5.
The Velocity Field Model
A model of the velocity field is needed for measuring the azimuthal (tangential) velocity, V θ , which is used for calculating Ω = V θ /r, and the other possible locations for resonance. The equation for the model is,
The angle θ is measured in the plane of the galaxy's disk, from the kinematic major (x) axis toward the minor (y) axis such that,
In Equation (4), the x and y coordinates are measured parallel to north and east, respectively. The intersection of x = x0 and y = y0 is the location of the kinematic center (see Figure  1 ). Fits of Equation (3) are found for concentric rings of data.
The Ω p Models
The Ωp models are based on the TW84 method. The original form of the method has three assumptions:
(1) The disk is flat.
(2) The value of Ωp is constant with radius. (3) A tracer of the pattern obeys mass conservation in the continuity equation. The method integrates the continuity equation over an area of the disk bounded by −∞ < x < ∞ and yo y < ∞ (or similarly for −y). The result derived by TW84,
relates Ωp to the observables I and Vy for a tracer of the pattern. For ease of notation let,
and,
so that Equation (5) is,
The high quality data used in this paper provide many calculations of Vy and X at different yo from which to fit a value
x -x 0 (10 2 ar csec) y -y 0 (10 2 ar csec) , and (f ), the data are log scaled, and the colorbars are in units of log(counts). In panels (b) and (e), the colorbars are in units of km s −1 . In panel (a), the peak intensity is 4.0 × 10 4 counts. In panel (b) the velocities are binned in increments of 85 km s −1 . In panel (d), and the peak uncertainty is 2.6 × 10 3 counts. In panel (e) the peak uncertainty is 30.5 km s −1 . The receding half of the galaxy is to the bottom right. The coordinates x -x 0 and y -y 0 along the horizontal and vertical axes, respectively, are distances from the kinematic center. Panel (c) includes the sky coordinates east (E) and north (N), as well as the directions of the galaxy coordinates, x and y, that are along the kinematic major and minor axis, respectively. The arrows pointing in the direction of positive x and y extend to the beginning of the warp at 240 ′′ .
for Ωp. When these calculations are plotted, Ωp is the slope of a line fit to Vy(X ) that passes through Vy(0) = 0. Equation (8) is also referred to in this paper as the original TW84 method.
For an Ωp that varies with radius, Engströem (1994, hereafter E94) derives a general TW84 method,
from the phase-space continuity equation. E94 goes on to show that due to the symmetry of the integrand this is equivalent to a Volterra equation of the 1st kind,
by making the substitution x = r 2 − y 2 o in the right-hand side of Equation (9).
2 Equation (10) is also referred to in this paper as the general TW84 method.
To apply Equation (10) to the data, Ωp is approximated as a piecewise constant function with p values of Ωp for p concentric rings. For a single path along yo, the inner radius of the innermost ring is yo. In order to achieve convergence, the outermost ring has an inner radius that is set to 220 ′′ , and an outer radius that extends to the edge of the data.
Fits of Equation (10) are unstable to noise unless the ring width is at least a few times larger than the angular resolution of the data (E94, Merrifield et al. 2006) . Stable fits for smaller ring widths are possible using regularization (Meidt et al. 2008a ), but it is important to note that it is inappropriate to determine the functional form of Ωp using only regularized fits because of the potential for a large amount of bias (Aster et al. 2005, Chapter 4) . Regularized fits can provide insight, though, about general trends in the radial behavior of Ωp (Meidt et al. 2008b (Meidt et al. , 2009 ). Both larger ring widths and regularization are used in this paper for obtaining stable fits.
There are many examples of the TW84 method successfully applied to different components of the interstellar medium despite the likelihood of violating assumption (3). Westpfahl (1998) applies the method to HI data by showing that the effect of the source function, s(x, y), in the general form of the continuity equation is approximately negligible for a measurement of the instantaneous pattern speed. Rand & Wallin (2004) apply the method to CO data by arguing that the conversion between the different phases of the interstellar medium is negligible if the tracer used is the dominant component in a dynamical timescale. Hernandez et al. (2005) apply the method to Hα data by noting that sources of Hα emission approximately trace the molecular gas density, and that Hα velocity data traces the gravitational potential. For Hα data in particular, the TW84 method is also successfully applied by Emsellem et al. (2006) , Fathi et al. (2007) , Chemin & Hernandez (2009 ), Fathi et al. (2009 ), and Gabbasov et al. (2009 .
When assumption (3) is violated, it follows from the general form of the continuity equation that Equation (8) takes the form,
where that,
is the integrated source function. Although the functional form of s(x, y) is unknown, Equation (11) shows that if violations of assumption (3) effect the results, the effect is detectable in the form of deviations from linearity in plots of Vy(X ), or nonzero intercepts for the fitted lines. The effect of violating assumption (3) is investigated by comparing the results for Equations (8) and (11). The results presented in this paper show that calculated values of Vy(X ) are well described by straight lines. The value of S is therefore approximated by assuming it is constant (i.e., Vy(0) = S) in the fit of Equation (11). The effect of violating assumption (3) is then quantified using the percent difference,
A similar analysis is excluded from the general TW84 method because unlike Ωp, for which it is reasonable to assume any azimuthal dependence is negligible, the azimuthal dependence of s(x, y) is unknown.
The Potential Minimum Model
In addition to velocity field and Ωp models, a model is fit to the Ks band data for estimating the approximate locations of the gravitational potential minima associated with the bar and spiral patterns. The results are used for comparison with the locations of changes in the radial behavior of Ωp.
The model assumes m = 2 rotational symmetry with respect to the kinematic center. It has the form,
for unknown parameters I0(r), I2(r), and φI2(r). Although it is unlikely that variations in the intensity of the Ks band data is exactly described by a cosine function, Equation (14) is adequate for its purpose. Equation (14) is nonlinear in the unknown parameters. It is transformed into a linear equation,
using a trigonometric difference formula. Fits of Equation (15) are found for concentric rings of data. The fitted parameters are,
and, I2y(r) = I2(r)sin(2φI2(r)).
The estimated location of the potential minimum is found by calculating,
4. MODEL FITTING METHODS
Parameter Estimation
The model parameters are fit to the data using generalized inverse methods. The following explanation is summarized from Aster et al. (2005, Chapters 4 and 5) . Consider the general form for a linear system of equations,
The column matrix of data, d, represents Vy in Equation (3); Vy in Equations (8), (10), and (11); or I in Equation (15). The right-hand side includes the operator matrix, G, and the column matrix of fitted parameters, β. Let the length of β be p and the length of d be n, then G has p columns and n rows. The equations for the velocity field and Ωp models are weighted using the uncertainties for d.
The generalized inverse solution is found by performing the singular value decomposition G = U SV T , and then calculating,
The superscript T indicates matrix transpose. The columns of U are unit basis vectors spanning the data space. The diagonal matrix S contains the singular values (note that this is different than the integrated source function, S). The columns of V are unit basis vectors spanning the model parameter space.
Regularized fits of the general TW84 method are found using Tikhonov regularization (Aster et al. 2005, Chapter 5) . Tikhonov regularization minimizes,
where D is the identity matrix for zeroth-order regularization, or a finite difference operator for higher-order regularization. The amount of regularization is determined by the value of λ. The generalized inverse solution is found by performing an additional singular value decomposition D = W M V T , and then calculating,
The diagonal matrix M contains the singular values for the decomposition of D.
The value of λ is chosen using the L-curve criteria. The L-curve criteria finds a compromise between minimizing the residual norm, ||Gβ − d||2, and the bias of smoothing from minimizing the solution norm, ||Dβ||2. Plots of ||Dβ||2 as a function of ||Gβ − d||2 on a log-log scale for a range of λ values typically show an L shape. The L-curve criteria adopts the value of λ corresponding to the corner of the L shape.
Uncertainties for the Results
The uncertainties for the results are reported as 95% confidence intervals (CIs). The 95% CIs are calculated by multiplying the standard errors (SEs) by the appropriate value of t from the Student's t-distribution (Ramsey & Schafer 2012, Chapter 2). The SEs for the fitted parameters are estimated using the jackknife method (Feigelson & Babu 2012, Chapter 3) . The SEs for the calculated parameters are found by propagating the SEs for the fitted parameters through the calculation.
It is common practice to take into account an incorrect value for φp when estimating the uncertainty for Ωp. Debattista (2003) and Debattista & Williams (2004) demonstrate that the effect is non-negligible when using data from long-slit spectroscopy. The effect is excluded in this paper for three reasons. The first reason is that the adopted value of φp for NGC 1365 is consistent with most other measurements, and is therefore assumed to be well known (Section 3.1). The second is that, compared with the errors in Ωp from an incorrect value for φp reported by Debattista (2003) and Debattista & Williams (2004) , the errors are typically smaller (∼1/4), and are well within the 95% CIs, for the high quality velocity field data used in this paper. The third is that a probability based interpretation of the effect is nontrivial. Monte Carlo uncertainty estimates that vary the value of φp produce distributions for Ωp that differ significantly from common distributions such as a gaussian. Examples of the second and third reasons are provided in SW11, and Speights & Westpfahl (2012) .
Hypothesis Testing
Two t-tests are included with the results for the Ωp models. One is a test of the null hypothesis that S = 0. The other is a test of the null hypothesis that △Ωp = 0. For a parameter β, a test of the null hypothesis β = 0 is performed by calculating t = β/SE, and then finding the probability, P β=0 , for obtaining a value of t should the null hypothesis be true (Ramsey & Schafer 2012, Chapter 2) . A two-sided P β=0 value is reported to account for both positive and negative values of S or △Ωp. This paper adopts the convention that a value of P β=0 < 1% is convincing evidence that β = 0, a value of 1% P β=0 5% is suggestive, and a value of P β=0 > 5% is inconclusive. A lower limit of 0.01% is adopted for reporting values of P β=0 .
Model Comparison
The models are compared using Bayesian information criterion, BIC = 2 ln{L} − p ln{n}, (23) (Feigelson & Babu 2012, Chapter 3) . This combination of the likelihood function, L, and the penalty for including p parameters given n data points, provide a balance between underfitting and overfitting the data. The data uncertainties are expected to approximately follow a gaussian distribution. When this distribution is used for the likelihood function,
In Equation (24), σj is the uncertainty for dj . The j, · notation in Gj,· indicates all columns in the jth row. The first term on the right-hand side of Equation (24) is the same for the comparison of a set of models, so it is excluded from the reported values. This paper adopts the convention that an increase in BIC of at least 10 is convincing evidence for a better fit to the data (Kass & Raftery 1995) . Equation 24 is derived by approximating the logarithm of Bayes' theorem, (Schwarz 1978) . In Equation (25), P (β|d) is the probability of the model given the data, P (d|β) is the probability of obtaining the data given the model, P (β) is the prior evidence for the model, and P (d) is the probability of obtaining the data. Bayes' theorem is a way to take into consideration additional, prior knowledge, when calculating a probability. BIC is ideally suited for the purpose of this paper because it is capable of comparing the non-nested Ωp models. (An example of nested model selection is when determining if a trend in the data is best described by a sloping line or a constant line.) The popular F and χ 2 tests (Ramsey & Schafer 2002; chapters 13 and 19, respectively) , for example, require that the models are nested. It is also worth noting that BIC is capable of providing much more compelling evidence for multiple values of Ωp than the other widely used Akaike information criterion (Akaike 1974 ) because BIC provides a much larger penalty for too many parameters in the model. However, it was found that when Akaike information criterion is used instead of BIC, the conclusions of this paper are the same, so only values of BIC are reported.
Uncertainties for the Data
Uncertainties for d are used for weighting the equations for the velocity field and Ωp models, and for calculating the BICs. For the velocity field model, the uncertainties are estimated by Equation (2). For the Ωp models, the uncertainties are estimated by propagating the uncertainties in Vy and I through the calculation of Vy.
Correlations in the Data
The methods above assume the data are uncorrelated. The correlations are accounted for by replacing the number of data points, n, in calculations of the 95% CIs and the BICs by a reduced number of data points, nr = n/nc, for nc correlated data points. For the 95% CIs, the value of n is replaced by nr in the calculation of the degrees of freedom when finding the value of t from a Student's t distribution. For the BICs, the value of n is replaced by nr in Equation (24).
The Hα data are correlated on a scale that ranges from 2.4 × 2.4 pixels (due to atmospheric seeing) to 5 × 5 pixels (due to binning for low signal-to-noise). The larger correlation size of 5 × 5 pixels is adopted for this data. The velocity field model samples the Hα data in an area because the model is fit to rings having a width of 13 ′′ (Section 5.1). The number of correlated pixels for the velocity field model is therefore approximated from the number of correlated pixels in an area, nc = 5 2 = 25. The Ωp models sample the Hα data in adjacent integration paths evaluated at different yo (Section 5.2). Each integration is therefore correlated with its 4 nearest neighbors, adding up to nc = 5 correlated integrals.
The Ks band data are correlated on a scale of 2.5 × 2.5 pixels due to atmospheric seeing. The potential minimum model samples the Ks band data in an area because the model is fit to rings having a width of 6.
′′ 63 (Section 5.3). For the same reasoning used for the velocity field model, the number of correlated pixels for the potential minimum model is therefore approximated from the number of correlated pixels in an area, nc = 2.5 2 = 6.3.
5. RESULTS
Results for the Velocity Field Model
Equation (3) is fit to the velocity field data using 13 ′′ wide rings. This corresponds to approximately twice the number of correlated pixels measured parallel to the kinematic minor (y) axis, and projected to the plane of the galaxy disk. It balances larger scatter and 95% CIs from using smaller rings with poor angular resolution in the radial behavior of the results from using larger rings. The warp is avoided by restricting the fit to r 220 ′′ . Figure 2 shows the radial profile of V θ . Included in the figure is a profile made by cubic spline interpolating V θ in increments of 1 ′′ . The interpolated profile is used in Section 5.2 for identifying possible locations of CR, ILR, and OLR in the plots of the results for Ωp. Figure 3 shows a map of the modeled velocity field and a map of the residuals. The largest residuals occur near the bar, and along the concave edge of the spiral pattern. Near the bar they are as large as ∼150 km s −1 , and are consistent with elliptical streaming. Near the concave edge of the spiral they are as large as ∼50 km s −1 . Noncircular motions of this magnitude are also reported by Tueben et al. (1986, hereafter T86) and JM95. It is these noncircular motions that are detected by the TW84 method. In Section 6.2 it is shown that the measured values of Ωp for the bar are consistent with the large residuals for the modeled velocity field near the bar.
The patterns characteristic of incorrect values for φi, φp, Vsys, or the kinematic center (e.g., van der Kruit & Allen 1978, Figure 1 ) are absent from the map of the residuals. For example, an incorrect value for φi will result in an overabundance of positive residuals on one side of the kinematic minor (y) axis and along the major (x) axis, and an overabundance of negative residuals on the other side of the kinematic minor axis and along the major axis. An incorrect value for φp will result in an overabundance of positive residuals on one side of the kinematic major axis, and an overabundance of negative residuals on the other side.
Results for the Ω p Models
Equations (8), (10), and (11) are fit to the Hα data by first rotating the maps to align the pixel gridding parallel to the x and y axes. The rotated maps have the same pixel size of 0.
′′ 98 as the originals. Maps of the integrands are then calculated from the rotated maps. Integration is performed by summing the values for the pixels along the x direction in the maps of the integrands.
The locations of the integration paths are limited to |yo| < 220 ′′ . This results in 86% of the integrands converging before the beginning of the warp at r = 240
′′ . All of the integrands converge by r = 274 ′′ , where the value of φp is ≈ 3 • smaller than the adopted value of 220
• (JM95, Figure 11 ). The effect of the integrals that converge at r 240 ′′ are determined to be negligible by comparing the results from applying the general TW84 method with and without the outermost ring (following the procedure in Section 5.2.2). The results for both applications differ by an amount that is much smaller than the 95% CIs.
The results are plotted for r 220 ′′ . Plotting the results for larger r reduces the resolution of the results along that axis, which is unnecessary for the purpose of this paper. The transition from the bar to the spiral pattern occurs about halfway across the plots.
Observational units of km s −1 arcsec −1 are used for reporting angular frequencies. This avoids the need to assume a distance to NGC 1365 for the conversion to galactic units of km s −1 kpc −1 , and simplifies comparisons with previous results. For the interested reader, the average of 43 distances found in the NASA/IPAC Extragalactic Database is 18.2 Mpc. Assuming this distance, the conversion factor is 1 ′′ = 0.09 kpc. The results for 11 model fits are presented, hereafter referred to as Fit 1 -Fit 11. They differ in the form of the TW84 method, whether the fits are regularized or not, and the radial ranges or ring widths. Basic properties of the fits are summarized in Table 2 . Figure 4 shows lines fit to Vy(X ) using Equation (8). They are Fit 1 and Fit 2 in Table 2 . The slopes of the lines are Ωp in Table 3 . Panel (a) at the top of the figure shows Fit 1 for a single value of Ωp. There are, however, three different and clearly defined linear trends in Vy(X ) that are inconsistent with a single value of Ωp. Panels (b), (c), and (d) show what is collectively Fit 2 for the three trends. They occur in ranges of density weighted radii,
Results for the Original TW84 Method
that are easily identifiable from a combination of trial-anderror and visual inspection. The ranges of rw are indicated in the top of panels (b), (c), and (d). The increase in BIC from Fit 1 to Fit 2 is 2450. This is convincing evidence that the three different trends are real. The detection of a different value of Ωp for the innermost range in rw is consistent with previous findings of a different pattern in the nuclear region (Jungwiert et al. 1997 , Emsellem et al, 2001 , Laine et al. 2002 . A detailed analysis of Ωp for the nuclear region is beyond the scope of this paper. Similar results in the remainder of this paper are therefore merely reported. Figure 4 are well described by the straight lines in panels (b), (c), and (d). The effect of violating assumption (3) is checked by fitting Equation (11) with a constant value for S. The results for Equation (11) are found to be consistent with those shown in Figures 4 and 5. They show three different linear trends that are clearly defined. The ranges of rw are also the same. The increase in BIC for a fit with a single value of Ω ′ p to one with the three trends is 2549. Table 4 shows the values of S and PS=0 for fits of Equation (11). The value of PS=0 for |yo| < 220 ′′ is suggestive, but inconclusive, for ruling out the null hypothesis that S = 0. . The values of △Ωp are indistinguishable from 0 given the size of their 95% CIs. The values of P △Ωp=0 are too large to rule out the null hypothesis that △Ωp = 0. The negligible effect of excluding constant values for S in the model fits is explainable by noting that it is 2-3 orders of magnitude smaller than most values of Vy.
Most of the calculated values of Vy(X ) in
The bar and beginning of the spiral pattern appear to share a common value Ωp, but this result is unreliable due to violating assumption (2) of the original TW84 method. Consider that integration paths in the bar region will also cross some of the spiral pattern. If the spiral pattern is rotating more slowly than the bar, Ωp will be underestimated in the bar region. Integration paths with rw outside the bar region may still cross some of the bar, and this can result in an overestimate of Ωp for the beginning of the spiral pattern. The combination of these two effects can result in what appears to be a single slope in panel (c) of Figure 4 . Furthermore, although the data are well described by a straight line in that panel, it is imperfect. The results for Fit 1, and the larger values of Ωp for the bar found using the general TW84 method (Section 5.2.2.) are consistent with this interpretation. The division of Fit 2 into three trends most importantly demonstrates that assumption (2) is violated.
Results for the General TW84 Method
The results for the original TW84 method show that assumptions (2) and (3) of the method are violated. Although violations of assumption (3) are approximately negligible, the violations of assumption (2) are large. The radial profile of Ωp is therefore found using the general TW84 method. It is assumed that violations of assumption (3) also have a negligible effect on the results for the general TW84 method. Figure 6 shows radial profiles of Ωp for unregularized fits of Equation (10). They are Fit 3 -Fit 5 in Table 2 . The inner and outer radii of the rings for Fit 3 are equivalent to the lower and upper limits, respectively, of the regions for Fit 2, with the addition of an outermost ring from r > 237 ′′ to the edge of the data. Fit 4 has a ring width of ≈ 36.7 ′′ for r 220
′′ . This ring width is calculated by dividing 220 ′′ into six equal parts, and is chosen because it provides a discontinuity in the model near the end of the bar pattern. Fit 4 shows more complex behavior in the radial profile of Ωp. The 95% CIs for the 2 innermost rings of Fit 4 are large. The values of Ωp show a trend that decreases with increasing radius near the end of the bar and in the spiral pattern region. The increase in BIC from Fit 3 to Fit 4 is 11. This is convincing evidence that Fit 4 is a better fit to the data than Fit 3.
The increase in BIC from Fit 4 to Fit 5 is 222, but the solution for Fit 5 is clearly unstable. When the solution is unstable the value of BIC is unreliable because it can no longer be assumed that the likelihood function has the form of a gaussian distribution. This would change the first and second terms on the right-hand side of Equation (24), the former of which is assumed in this paper to be the same for all models. The 95% CIs for the innermost rings are large for Fit 5, similar to those for Fit 4. Despite the increased instability, values of Ωp for Fit 5 show a general trend that decreases with increasing radius in the spiral pattern region, similar to the trend for Fit 4. Figure 7 shows radial profiles of Ωp for regularized fits of Equation (10). They are Fit 6 -Fit 8 in Table 2 . They use zeroth, first, and second-order regularization, in the order of the fit number. For r 220 ′′ , the ring width is 10 ′′ , equivalent to the ring width for Fit 5. The outermost rings extend to the edge of the data. Figure 8 shows log-log plots of the solution norm as a function of the residual norm for a range of λ values. The corners of the L-curve for Fit 6, Fit 7, and Fit 8 occur at λ = 33.3, 184.2, and 9.2, respectively. The value of the solution norm at the corner of the L-curve increases for increasing order of regularization, whereas the value of the residual norm decreases for increasing order of regularization. The corner of the L-curve is best defined for Fit 7.
The results for Fit 6 fail to show clearly defined trends for the radial profile of Ωp. There are indications of overregularization in the bar region because the results are biased toward zero for r 70 ′′ . There are indications of underregularization in the spiral pattern region because the results there are similar to those for Fit 5.
The results for Fit 7 and Fit 8 show clearly defined trends for the radial profile of Ωp that decrease with increasing radius. The trend in Ωp for the spiral pattern region is concave up for both fits. The results for Fit 7 and Fit 8 differ by less than 10% in this region, and are indistinguishable for r 140 ′′ , given the size of the 95% CIs. The gradient of the trend for r 90 ′′ is much larger for Fit 8. The larger gradient is explainable by noting that first-order regularization penalizes gradients, and second-order regularization favors constant gradients. This is consistent with the existence of an Ωp in the nuclear region of the disk that has a larger value than the rest of bar, as found for Fit 2 -Fit 4. When integration paths that cross the nuclear region are excluded from the fit, the profile is consistent with an approximately rigid bar. Figure 9 shows a radial profile of Ωp for a first-order regularized fit of Equation (10) that excludes integration paths that are within |yo| < 10 ′′ . This is Fit 9 in Table 2 . There is an approximately constant value of Ωp for 10 ′′ r 90 ′′ . The radial profile for Fit 9 demonstrates that the TW84 method can detect rigid patterns when allowed to vary with radius.
Excluding a larger range in yo fails to produce evidence for a rigid spiral pattern. This is determined by excluding successively larger regions in increments of 10 ′′ , |yo| < 150 ′′ . The results for these fits are found to be consistent with the results for Fit 9.
The values of BIC for regularized fits are smaller than those for unregularized fits. The largest value of BIC for the regularized fits is -696, and occurs for Fit 9. This is adopted as the best fitting model that uses regularization. Differences in the value of BIC that involve regularized fits should be interpreted with caution when comparing models because regularized fits are biased. The residual norm values in the calculations of BIC, for example, depend on the results for the L-curve criteria.
Possible Locations for Discontinuities
The results presented in Sections 5.2.1 and 5.2.2 provide evidence for the existence of different values of Ωp in different regions of the disk, inconsistent with the bar and spiral patterns having the same value of Ωp. To search for evidence of mode coupling, the best possible locations for discontinuities in the model need to be identified, and this is unclear from the results presented so far. For example, the regularization process favors continuous profiles. In what follows, possible locations for discontinuities are estimated by fitting models with different radii for discontinuities, and comparing their values of BIC. They are unregularized in order to avoid that form of bias. Figure 10 shows values of BIC for five sets of comparisons. They are referred to as Set 1 -Set 5, in the order of comparison. Each set identifies a radius of discontinuity that is adopted in subsequent sets until there is no longer a significant improvement in the value of BIC. The possible radii for a discontinuity is changed in 1 ′′ increments. The minimum ring width shown is 10 ′′ . The ranges of possible radii shown are restricted to r 220 ′′ , and are labelled in each panel. Set 1 is shown in panel (a) of Figure 10 . The largest value of BIC is -887, and occurs at r = 126
′′ . The increase in BIC from Fit 1 to the largest value in Set 1 is 2198.
Set 2 is shown in panels (b) and (c). The largest value of BIC is -468, and occurs at r = 23
′′ . The increase in the largest values of BIC from Set 1 to Set 2 is 419. Subsequent comparisons assume a mean value for Ωp for r < 23 ′′ . Identifying discontinuities in the model for r < 23 ′′ is unnecessary for the purpose of this paper.
Set 3 is shown in panels (d) and (e). The largest value of BIC is -392, and occurs at r = 103
′′ . The increase in the largest values of BIC from Set 2 to Set 3 is 76.
Set 4 is shown in panels (f ), (g), and (h). The largest value of BIC is -375, and occurs at r = 166
′′ . The increase in the largest values of BIC from Set 3 to Set 4 is 17.
Set 5 is shown in panels (i), (j), (k), and (l). The largest value of BIC is -372, and occurs at r = 92
′′ . The increase in the largest values of BIC from Set 4 to Set 5 is 7. This is too small to provide convincing evidence for a better fit to the data, so r = 92 ′′ is not adopted as a radius of discontinuity, thus ending the process.
The above process produces a list of discontinuities in the model at r = 126 ′′ , 23 ′′ , 103 ′′ , and 166 ′′ , in the order they are identified. The fitted model using these radii is Fit 10 in Table 2 . It has the largest value of BIC of Fit 1 -Fit 10 by at least 12. This is convincing evidence that Fit 10 is a better fit to the data than any of the other fits presented so far.
To check how robust these results are, the above process is repeated starting with the second largest value of BIC in An gu lar Fr e q u e n c y (km s Set 1. It is -888, and occurs at r = 109
′′ . Following the same process as above produces a second list of discontinuities at r = 109 ′′ , 23 ′′ , 128 ′′ , 95 ′′ , and 166 ′′ , in the order they are identified. This is Fit 11 in Table 2 . Choosing a different first radius of discontinuity changes the locations of the discontinuities in the model near the transition from the bar to the spiral pattern. The same radii for discontinuities are found at r = 23
′′ and 166 ′′ . The value of BIC for Fit 11 is the same as for Fit 10. Figure 11 shows radial profiles of Ωp for Fit 10 and 11. The results for the innermost ring are excluded because including them unnecessarily increases the scale of the angular frequency axes. They are 25.89 ± 3.44 km s −1 arcsec −1 for Fit 10, and 25.87 ± 3.38 km s −1 arcsec −1 for Fit 11. The radial profile of Ωp is very similar for the two fits. They both show values of Ωp for the bar region that are clearly different than the values for the spiral pattern region, and a general trend that decreases for increasing radius. The general trends in the radial profiles for Fit 10 and 11 are consistent with the regularized trend in the profile for Fit 9. In the bar region, most of the results for Fit 10 and 11 are within the 95% CIs for Fit 9.
Results for the Potential Minimum Model
Equation (14) is fit to the Ks band data using 6.
′′ 63 wide rings. This is approximately twice the number of correlated pixels measured parallel to the kinematic minor (y) axis, and projected to the plane of the galaxy disk. It is nearly half the resolution of the fit to the velocity field. The warp is avoided by restricting the fit to r 220 ′′ . Figure 12 shows the radial profile of φI2. The profile is consistent with that shown in Figure 8 of Lindblad et al. (1996) for J band data. The increasing trend for r 34. ′′ 4 is due to dust lanes obscuring the starlight in the nuclear region. For 34.
′′ 4 r 100. ′′ 7, φI2 is approximately constant given the 95% CIs, consistent with an approximately rigid bar. For r 100.
′′ 7 ′′ , φI2 increases with increasing radius. There are a dips in the profile at r = 137 ′′ and 174 ′′ . The scatter increases at the latter radius because the signal-to-noise ratio begins to drop.
A fit of constant θ to the profile of φI2 for 34. ′′ 4 r 100.
′′ 7 results in a bar position angle of φ b = 1.02 ± 0.03 rad, or 58.
• 58 ± 1.
• 47, measured from x to y in galaxy coordinates. This is equivalent to 91.
• 01 ± 1.
• 11 degrees measured from north to east in sky coordinates, consistent with Lindblad (1978) . The horizontal dotted line in Figure 12 shows the fit of constant θ for the position angle of the bar.
The radii of the discontinuities for Fit 10 and 11 are indicated in Figure 12 . The models for both Fit 10 and 11 have discontinuities near the end of the bar, indicating a change in the value of Ωp there. The two dips in the radial profile of φI2 at r = 177 ′′ and 137 ′′ are close to discontinuities in the models for Fit 10 and 11. This could be an indication of slightly offset spiral patterns, or a coincidence due to uncertainties in the results.
6. DISCUSSION 6.1.
Conclusions of the Test
The results fail to provide evidence for the bar and spiral patterns having the same value of Ωp. Most of the results show a value of Ωp that is larger in the bar region than in the spiral pattern region. Evidence for different values of Ωp for bar and spiral patterns is also reported from applying the TW84 method by Rand & Wallin (2004) The results are therefore the most consistent with the bar and spiral patterns being dynamically distinct features. It is important to note that this conclusion is for the currently observed state of the Hα emitting gas. The Hα bar and spiral patterns may have corotated, or been coupled by resonance, at some time in the past. The nature of the spiral pattern is discussed further in Section 6.3.
These conclusions could be interpreted as problematic for explaining why the spiral pattern appears to begin near the end of the bar. Sellwood & Sparke (1988) show that this evidence for corotating bar and spiral patterns is unreliable.
In their simulations they demonstrate that spiral patterns can appear to begin near the end of a faster rotating bar for most of the bar's rotation period, and that the offsets that do appear are small and infrequent. They also cite examples of galaxies where the beginning of the spiral pattern is clearly offset from the end of the bar.
Properties of Ω p for the Bar
The results for Fit 10 and 11 are used for estimating the properties of the bar because they have the largest value of BIC, and are less biased than Fit 9. They both show a constant value for Ωp in the bar region that begins near an ILR and ends near a CR. The values for the radius of CR, R CR , are 94 ′′ ± 2 ′′ and 89 ′′ ± 2 ′′ for Fit 10 and Fit 11, respectively. The discontinuities in the models at r = 103 ′′ and 95 ′′ for Fit 10 and 11, respectively, are close to the end of the constant trend in φI2 for the Ks band data.
The radii of these discontinuities are an unlikely measure of the bar radius, R bar , because they are inconsistent with the theoretical prediction that R bar R CR (e.g., Contopoulos 1980 , Tueben & Sanders 1985 . A discontinuity in the model does not necessarily require that the true form of Ωp has a discontinuity there. For a continuous pattern, the method in Section 5. 2.4 ± 0.5 Mean 94 ± 2 94 ± 2 3.5 ± 0.1 Fit 9 89 ± 2 89 ± 2 3.7 ± 0.1 Fit 10
R CR for Fit 10 and 11 are therefore adopted as upper limits for R bar . Table 5 summarizes previous estimates of R bar , R CR , and Ωp for comparison with those in this paper. The results for Ωp are adjusted for the value of φi used in this paper, when different. The previous estimates use different methods. T86 assume the change in orientation of elliptical streamlines at r = 15
′′ is an indication of ILR. Ondrechen & van der Hulst (1989, hereafter OH89) find that the change in the direction of the streaming velocities coincides with the dust lanes crossing the spiral arm. This is consistent with a CR according to density wave theory, but OH89 note that this interpretation is inconsistent with R bar R CR if the bar and spiral patterns are corotating. JM95 assumes the dip in the residual velocity field at r = 173 ′′ occurs at an m = 4 OLR. L96 and Z08 fit simulations of the gas to observations for a range of assumed values for Ωp. V01 assumes a phase difference of zero for infrared and blue images is an indication of CR.
Most previous estimates for R bar , R CR , and Ωp are inconsistent with those found in this paper. Compared to the previous estimates, the values of R bar and R CR are smaller for Fit 10 and 11, and the values of Ωp are larger. The values found by T86 are the most similar to those found in this paper.
The larger values of Ωp that are measured in this paper for the bar are consistent with the residuals for the velocity field model found in Section 5.1. This can be shown using a model in the rotating frame of the galaxy for an elliptical orbit,
where that V θ,2 is the amplitude of the streaming in the azimuthal direction, Vr,2 is the amplitude of the streaming in the radial direction, and φ b is the bar position angle found in Section 5.3 (Spekkens & Sellwood 2007 , Sellwood & Sanchez 2010 . The first term on the right of Equation (27) describes how material slows down in the azimuthal direction as it approaches the major axis of the ellipse, and speeds up as it approaches the minor axis of the ellipse. The second term on the right describes how material moves outwards in the radial direction as it approaches the major axis of the ellipse, and moves inward as it approaches the minor axis of the ellipse.
A crude estimate of Ωp is found by fitting Equation (27) 
Fits of Equation (27) are found for the same rings used in the velocity field model that cover the bar. The results for 25 ′′ r 103 ′′ are shown in Figure 13 . There are well defined trends in the values of V θ,2 and Vr,2. The mean of the six calculated Ωp results is 3.7 ± 0.5 km s −1 arcsec −1 . This is consistent with the values obtained for the bar in Fit 9 -Fit 11 using the TW84 method.
The Nature of the Spiral Pattern
The radial profiles of Ωp in the spiral pattern region most closely resemble what is expected for coupled spiral modes and tidal interactions. The resemblance is only briefly discussed in this subsection because determining the nature of the spiral pattern is beyond the scope of this paper.
The discontinuities at r = 126 ′′ and 128 ′′ for Fit 10 and Fit 11, respectively, and 166 ′′ for both fits, are consistent with mode coupling at m = 4 ILRs. It is unclear from the results, however, if the pattern is truly rigid at these resonances. The assumption of a rigid pattern is a better established approximation for bars than it is for spiral patterns (e.g., Binney & Tremaine 2008, Chapter 6) .
If the pattern is shearing, a discontinuity in the model may be where the gradient in the true form of Ωp is the largest, as pointed out in Section 6.2. In this case, the result for that region shows the mean value of Ωp. This interpretation is consistent with the ∼1/r behavior of Ωp for the spiral pattern found by SW11.
If the spiral pattern is the result of a tidal interaction, the radial profile of Ωp for the spiral pattern may resemble the results for Fit 9, or some combination, or average, of Fit 9 -Fit 11. There are no known companions to NGC 1365, but Roy & Walsh (1997) find evidence for a recent merger, and Z08 find evidence for an infalling gas cloud. These may have provided the tidal forcing that stimulated the spiral pattern, or helped maintain a spiral pattern that was stimulated by the bar at some time in the past.
SUMMARY
Theories that attempt to explain the dynamical relationship between bar and spiral patterns in galactic disks make different predictions about the radial profile of the pattern speed. These predictions are tested for the Hα bar and spiral patterns of NGC 1365 by fitting mathematical models that are based on the TW84 method. The findings are as follows.
(1) The results are inconsistent with a global wave mode or a manifold. The value of Ωp decreases with increasing radius for the nuclear, bar, and spiral pattern regions of the galaxy. This violates the assumption of a single value for Ωp in the original TW84 method.
(2) Violations of mass conservation in the continuity equation have a negligible effect on the results.
(3) When Ωp is allowed to vary with radius, the results for the general TW84 method are unstable to noise unless the ring width is at least a few times the resolution of the data, or a regularization greater than zerothorder is used. First-order regularization provides the best defined corner in the L-curve criteria for selecting the amount of regularization. The results for first and second-order regularization are consistent for a pattern speed in the nuclear region that is larger than the value for the bar. (4) Excluding the nuclear region for a first-order regularized fit reveals a rigidly rotating bar. This demonstrates that the TW84 method can detect rigid patterns when allowed to vary with radius. A similar procedure fails to reveal a single value of Ωp for a rigidly rotating spiral pattern.
(5) Selecting model discontinuities using BIC model selection also produces evidence for separate nuclear, bar, and spiral pattern speeds.
(6) The evidence for mode coupling of the bar and spiral patterns is unreliable and inconsistent. The results are the most consistent with the bar and spiral patterns being dynamically distinct features. This does not rule out the possibility that the bar and spiral patterns corotated, or were coupled by resonance, previous to the currently observed state of the Hα emitting gas. 
